The crystallization behavior of bulk amorphous Ti-Zr-Be-Cu-Ni alloys has been studied by using differential scanning calorimetry (DSC), X-ray diffractometry (XRD) and transmission electron microscopy (TEM). Detailed thermal analysis showed that Ti-Zr-Be-Cu-Ni amorphous alloys with the wide composition range crystallized through two exothermic reactions followed by one endothermic reaction. At first stage, nanometer scale primary icosahedral phase (I-phase) precipitated from an amorphous matrix and then the remaining amorphous phase crystallized into cubic -Ti(Zr) phase or hexagonal Laves phase depending on the alloy composition. Finally, I-and -Ti(Zr) phase or I-and Laves phase mixture transformed into the Laves phase by the high-temperature endothermic reaction, indicating that the I-phase is a thermally stable phase at the lower temperature range. Reversible transformation between the I-phase and Laves phase during cyclic heating and cooling confirmed the thermodynamic stability of the I-phase in Ti-Zr-Be-Cu-Ni system.
Introduction
Since the first report of an icosahedral quasicrystal in rapidly solidified Al 84 Mn 16 , 1) quasicrystals have been found in several alloy system. The second largest class of quasicrystals, following the Al-based ones, is found in rapidly quenched Ti alloys. Most of the Ti-based quasicrystals reported to date can be produced only by rapid quenching from the melt, suggesting that they are metastable. It has been reported the stable icosahedral phase (I-phase) in Ti-Zr-Ni alloy and their compositional range is very limited around Zr 41:5 Ti 41:5 Ni 17 .
2) The stable I-phase appears to be formed by a peritectoid reaction from the hexagonal Laves phase and (Ti/Zr) during solidification with a very sluggish reaction rate. 3, 4) Recently, formation of an I-phase has been reported during crystallization of amorphous Ti 40 Zr 28 Cu 9 Ni 7 Be 16 alloy. 5) Quasicrystals have some unique physical/mechanical properties due to their extra-ordinary crystallographic structure. 6, 7) Structural applications of quasicrystal materials have intended to use their high stiffness and low friction coefficient. However, most quasicrystals reported so far are thermally metastable and very brittle inhibiting the extensive practical applications of quasicrystals as structural materials. 8) One reasonable solution for the practical applications is fabricating composite materials comprising thermally stable quasicrystals. Previous studies show that the crystallization in various bulk metallic glasses (BMGs) is characterized by the appearance of intermediate metastable phases. The formation of I-phase as an intermediate product of the crystallization process in BMGs indicates that there is a structural relationship between the amorphous and quasicrystalline phases. 9, 10) Since I-phase formed during crystallization of amorphous phase are known to be metastable, studies for structural relationship between the amorphous and quasicrystalline phases and expansions of application area for fabrication of composite materials using quasicrystals have been very limited.
In this letter, we report the precipitation of the stable quasicrystalline phase during crystallization of Ti 33À55 -Zr 17À33 -Be 7À22 -Cu 6À11 -Ni 5À10 bulk amorphous alloys by a detailed thermal analysis.
Experimental Procedure
Alloys of nominal composition were prepared by arc melting under an argon atmosphere. Fully amorphous specimens were produced by melt spinning technique to study crystallization behavior. For melt spinning, the alloys were remelted in quartz tubes, followed by ejecting with an over pressure of 35 kPa through a nozzle onto a Cu wheel rotating with a surface velocity of 40 m/s. Rod specimens were fabricated by injection casting. The alloys were remelted in quartz tubes, followed by casting into cylindrical cavities of a Cu mold. Oxygen content measured by PC-136 LECO analyzer was 3000-3500 ppm for both ribbon and injection cast specimens. Carefully controlled heat treatment was performed in a DSC furnace for the amorphous specimens under an Ar atmosphere. Structural change during the heat treatment was studied by using X-ray diffractometry with monochromatic Cu K radiation (Rigaku, RINT2200) and transmission electron microscopy (TEM) (JEOL, 2010F). Crystallization behaviors of the amorphous alloys were studied by differential scanning calorimetry (Perkin Elmer, DSC 7). Exotherms and endotherms were monitored in the DSC during continuous heating from 373 to 873 K with a heating rate of 0.67 K/s. Figure 1 shows typical DSC spectra obtained during continuous heating as-melt spun Ti 34 Zr 31 Be 18 Cu 9 Ni 8 and Ti 40 Zr 31 Be 14 Cu 8 Ni 7 alloys, respectively, with a heating rate of 0.67 K/s. The DSC traces exhibit a weak endothermic event, corresponding to glass transition, followed by two exothermic reactions and one high temperature endothermic reaction. The appearance of two exothermic events indicates that the amorphous phases crystallized through a two-step process during heating. The high temperature endothermic reaction corresponds to a solid-state transformation of a crystallization product into high temperature phase. The initial and final phases are identified in Fig. 2 . Figure 2 (a) shows a typical XRD traces obtained from the heat treated Ti 34 Zr 31 Be 18 Cu 9 Ni 8 and Ti 40 Zr 31 Be 14 Cu 8 Ni 7 ribbon specimens. Both as-melt spun specimens show a broad halo pattern, characteristic of the amorphous structure (not shown). The specimen heated up to the first exothermic reaction, shows broad diffraction peaks superimposed on a halo pattern, indicating a partial crystallization takes place in the first exothermic reaction. The broad diffraction peaks Ti 34 Zr 31 Be 18 Cu 9 Ni 8 and Ti 40 Zr 31 Be 14 Cu 8 Ni 7 alloys can be analyzed into the I-phase with a quasi-lattice constant of a Q ¼ 0:516 nm and 0.515 nm, respectively. The quasicrystalline particle size estimated from the diffraction peak widths was about 8.8 nm. The XRD trace from the specimen heated to the second exothermic reaction, exhibits several sharp diffraction peaks. All the diffraction peaks could be analyzed into a mixture of hexagonal Laves phase with lattice constants of a ¼ 0:53 and c ¼ 0:86 nm and the I-phase for Ti 34 Zr 31 Be 18 Cu 9 Ni 8 alloy and a mixture of the cubicTi(Zr) phase with a lattice constant of a ¼ 0:34 nm and Iphase for Ti 40 Zr 31 Be 14 Cu 8 Ni 7 alloy. The XRD trace from Ti 40 Zr 31 Be 14 Cu 8 Ni 7 alloy heated to 800 K is similar to that from the sample heated to 723 K, except for the change in peak intensity. The change in the relative intensity of the two main peaks can be explained by the superposition of the diffraction peaks from I-phase and cubic -Ti(Zr) phase. Also it can be noticed that the diffraction peaks corresponding to the I-phase became sharp, resulting from growth of the I-phase formed in the first exothermic reaction, and shifted to lower angle direction, suggesting the occurrence of compositional partitioning in the I-phase during heating. The XRD trace from the specimen heated to 873 K, corresponding to the high temperature endothermic reaction, showed several diffraction peaks. All the diffraction peaks could be analyzed into the Laves phase, suggesting the previously formed quasicrystalline phase transformed into the Laves phase. In case of the Ti 40 Zr 31 Be 14 Cu 8 Ni 7 alloy small amount of theTi(Zr) phase still remained after heating up to 873 K. The Iphase is stable at low temperature and transformed into a Laves phase at high temperature through the endothermic reaction. Figures 2(b 11) at high temperature through an endothermic reaction, which is suggesting that the I-phase is a stable phase at lower temperature. Formation of I-phase during crystallization has been reported in Zr-based, 12) Al-based 13) and Ti-based 14) amorphous alloys. However all these are known to be metastable. In order to confirm the solid state transformation, cyclic heating and cooling experiment was performed. Figure  3 (a) shows DSC traces obtained during the cyclic heating and cooling the Ti 40 Zr 31 Be 14 Cu 8 Ni 7 amorphous alloy with a heating and cooling rate of 0.167 K/s. Lower heating and cooling rate was applied due to the limit in cooling rate in the temperature range of 600$873 K. DSC trace during the first crystallization is basically same as Fig. 1 except for the shift of peak temperatures to lower temperature region due to the lower heating rate. Again we can notice the high temperature endothermic reaction during heating and exothermic reaction during cooling. After the first cyclic heating and cooling, exothermic peaks corresponding to the crystallization disappeared and only high temperature endothermic peak during heating cycle and the exothermic peak during cooling cycle survived. (Fig. 3(b) ), the specimen consisted of a mixture of I-phase and Laves phase. Therefore, the present results clearly show that the stable I-and Laves phases transform reversibly in the solid state during heating and cooling. It has been reported that the stable I-phase in Zr-Ti-Ni alloy is very limited in compositional range around Zr 41:5 Ti 41:5 Ni 17 .
Results and Discussion
2) The formation of the stable I-phase in this study may indicate that the addition of Be enhanced the stability of the I-phase, which was observed in Al-based quasicrystalline phase. 15, 16) Figure 4 shows a schematic diagram showing the composition range for the formations of the stable I-phase in the TiZr-Be-Ni-Cu alloy system. The result indicates that in-situ composites consisting of stable I-phase embedded in an amorphous matrix can be fabricated by heat treatment of fully amorphous phase. The formation of nano scale I-phase in the Ti-Zr-Be-Ni-Cu amorphous matrix enhances the strength without losing plastic elongation during compression test. 17) Since the Ti-Zr-Be-Ni-Cu alloys in the composition range shown in Fig. 4 exhibit high glass forming ability (Fully amorphous rod specimens with the diameter of 5 mm can be fabricated by injection casting), 17) the precipitation of stable I-phase in the amorphous matrix can be utilized effectively in improving the property of the Ti-based BMGs. Composition range investigate in the present study.
Composition range for formation of stable icosahedral phase. 
Summary
The Ti-Zr-Be-Cu-Ni amorphous alloys with the wide composition range crystallized through two exothermic reactions followed by one endothermic reaction. At first stage, nanometer scale primary I-phase precipitated from an amorphous matrix and then the remaining amorphous phase crystallized into cubic -Ti(Zr) phase or hexagonal Laves phase. Finally, I-and -Ti(Zr) phase or I-and Laves phase mixture transformed into the Laves phase by the hightemperature endothermic reaction, indicating that the I-phase is a thermally stable phase at the lower temperature range. Reversible transformation between the I-phase and Laves phase takes place with heating endothermic reaction and cooling exothermic reaction during cyclic heating and cooling. In-situ composites consisting the stable I-phase embedded in the amorphous matrix can be fabricated by heat treatment of the bulk amorphous Ti-Zr-Be-Cu-Ni alloys.
